###### Key messages

What is already known about this subject?
=========================================

-   Previous studies have demonstrated that the oxygen saturation increases with increasing severity of diabetic retinopathy (DR) with the highest saturations found in vision-threatening DR. Furthermore, pretreatment retinal oxygen saturation was recently demonstrated an independent predictor of visual acuity after treatment with inhibitors of vascular endothelial growth factor.

What are the new findings?
==========================

-   Our study demonstrated that higher retinal arteriolar oxygen saturation independently predicted the need for more intravitreal therapy during the first year of diabetic macular oedema treatment.

How might these results change the focus of research or clinical practice?
==========================================================================

-   The results of this prospective clinical trial suggest that measurement of the oxygen saturation in retinal arterioles by retinal oximetry may serve as a valuable adjunctive to already established procedures for retinal imaging in terms of individualised treatment plans.

Introduction {#s1}
============

Diabetic macular oedema (DMO) is the most common cause of visual impairment in people with diabetes and one of the leading causes of preventable vision loss in the working-age population of developed countries.[@R1] The pathophysiology of DMO is not fully understood but involves both disruption of the blood-retinal barrier and inflammation leading to capillary dropout, impaired vascular autoregulation and ultimately vascular leakage and macular oedema.[@R2]

Vascular endothelial growth factor (VEGF) is a key molecular mediator in DMO pathogenesis and a primary target of current DMO treatment.[@R2] VEGF upregulation is largely driven by retinal ischaemia and thus impaired retinal oxygen metabolism. Retinal vascular oxygen saturations can be evaluated non-invasively by dual-wavelength fundus photography (retinal oximetry) and serves as a marker of retinal oxygen metabolism.[@R6] Using this method, the retinal venular oxygen saturation was demonstrated to increase with increasing severity of diabetic retinopathy (DR) to proliferative diabetic retinopathy (PDR) and DMO.[@R7] These findings have been explained by alterations in retinal blood flow and a reduced extraction of oxygen to retinal tissue as a result of a loss of the capillary bed.

Pretreatment retinal arteriolar oxygen saturation was recently demonstrated an independent predictor of visual acuity (VA) after a loading dose of 3 monthly injections of ranibizumab.[@R9] However, retinal oximetry is yet to be addressed as a marker of treatment load required even though it is pivotal with regards to translating the results into clinical practice and individualised treatment plans.

In a recently conducted 12-month randomised clinical trial of patients with centre involving DMO, we demonstrated that with similar functional outcome, combination therapy with intravitreal aflibercept and properly timed focal/grid laser photocoagulation approximately halved the need for intravitreal therapy during the first year of treatment as compared with earlier studies with aflibercept monotherapy.[@R10] Still, the need for intravitreal therapy ranged from three to nine injections during the first year of treatment.

Hence, based on data from our clinical trial, we aimed to examine retinal vascular oxygen saturation as a non-invasive marker of treatment load of intravitreal aflibercept during the first year of treatment in patients with DMO.

Materials and methods {#s2}
=====================

This study was based on data collected during the above-mentioned 12-month randomised clinical trial and includes 35 eyes of 25 patients with centre involving DMO referred to Odense University Hospital, Denmark, between 1 October 2015 and 31 December 2017.[@R10]

Eligibility criteria were centre involving DMO, age 18--99 years, best corrected visual acuity (BCVA) between 35 and 80 Early Treatment Diabetic Retinopathy Study (ETDRS) letters and central retinal thickness (CRT) of more than 300 µm. We excluded patients who were pregnant, had active PDR, a history of panretinal photocoagulation or had been subjected to intraocular surgery (including focal/grid laser photocoagulation and intravitreal VEGF inhibition) within 4 months prior to inclusion.

Patients provided a full medical history at baseline (BL). Clinical examination included measurements of brachial arterial blood pressure (Omron 705CP, Hoofdrop, The Netherlands) and haemoglobin A1c (HbA1c; Tosoh G8, Alere, Holstebro, Denmark). Mean arterial pressure (MAP) was calculated as BP~d~ + (BP~s~ -- BP~d~)/3 where BP~d~ is the diastolic blood pressure and BP~s~ is the systolic blood pressure. Body mass index (BMI) was calculated as weight (kg)/height (m),[@R2] and smoking was quantified as pack years (one pack year was defined as 20 cigarettes/day for 1 year).

BCVA was assessed using ETDRS charts (Precision Vison, Illinois, USA) at a starting distance of 4 m. Furthermore, ophthalmic examination included slit lamp and fundus biomicroscopy in mydriasis with tropicamide 10 mg/mL and phenylephrine 10%, optical coherence tomography (OCT; 3D OCT-2000 Spectral domain OCT, Topcon, Tokyo, Japan) and 50° macula-centred fundus fluorescein angiography (TRC-50DX fundus camera, Topcon).

Once consented, patients then received 3-monthly intravitreal injections of 2.0 mg aflibercept followed by focal/grid laser photocoagulation using either Navilas (OD-OS GmbH, Teltow, Germany) or PASCAL laser (Optimedica Corp., Santa Clara, California, USA). From month 4 (M4) through month 12 (M12), patients were followed monthly and additional intravitreal injections were given pro re nata (PRN) if CRT increased by \>20% from the lowest measurement or loss in BCVA\>5 ETDRS letters occurred as compared with BL.

As no differences between treatment arms of Navilas and Pascal laser photocoagulation were found in regards to functional outcome or need for intravitreal therapy, data from all patients were pooled for further analyses of retinal vascular oxygen saturations in this current study.[@R10]

Retinal oximetry {#s2-1}
----------------

Retinal oxygen saturations were assessed using the Oxymap model T1 (Oxymap, Reykjavik, Iceland). The technique and equipment have been described in detail previously.[@R6] In brief, oxygen saturations are determined based on the intensity of reflected light from retinal vessels and surrounding tissue and rely on the light absorbance of oxyhaemoglobin and deoxyhaemoglobin. A dual-wavelength technique is used to calculate the relative concentrations of haemoglobin and oxyhaemoglobin and thereby oxygen saturations.

All measurements were performed in 50° optic disc-centred images and graded in accordance with a prespecified protocol by a single-trained grader (SLB). Two concentric circles were semiautomatically placed around the optic disc. To avoid reflection of light from the optic disc, the inner circle was manually placed with a 20--30 pixels margin to the edge of the disc and the outer circle was automatically placed at three times the diameter of the inner circle. The four largest arterioles and venules representing each of the four quadrants were then automatically traced at a length between 50 and 200 pixels and oxygen saturations are presented as the average saturation of the traced arterioles and venules, respectively ([figure 1](#F1){ref-type="fig"}). Retinal oximetry was performed at BL and measurements were repeated on the same vessel segments at month 12. The grading process was masked in regards to the need for intravitreal therapy.

![Retinal oximetry by Oxymap T1. Overlaid colour map indicates oxygen saturations in retinal vessels. The traced vessels representing the four retinal quadrants are highlighted within the concentric blue circles and excluded vessel segments are covered in white.](bmjophth-2019-000382f01){#F1}

Statistical analysis {#s2-2}
--------------------

All statistical calculations were performed using STATA V.15.1 (StataCorp LLC) and figures were formatted using SigmaPlot V.14.0 (Systat Software, San Jose, California, USA). Continuous data are presented as mean and categorical data as per cent. Statistical differences were tested at a 0.05 level and 95% CI were estimated around point estimates where relevant. Differences between groups of eyes below (group A) and above (group B) the 50 percentile of retinal arteriolar and venular oxygen saturations, respectively, were tested employing cluster robust standard errors for linear regression models as patients were allowed to participate with both eyes. A multiple linear regression model, also employing clustered-robust standard errors, was performed with retinal arteriolar and venular oxygen saturations as predictors of the number of injections during the first year of treatment (with adjustments for age, duration of diabetes, HbA1c, MAP, BCVA and CRT). The contribution of retinal oxygen saturation to explain the variation in need for treatment was finally examined in a univariate regression model applying R^2^.

Sample size was determined by a calculation of power comparing the mean of two independent samples (number of injections in groups A and B) that stated a required inclusion of minimum seven eyes in each group (α=0.05, power=0.90, mean~1~=4 and mean~2~=6).

Patient and public involvement {#s2-3}
------------------------------

Written informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study. Patients or the public were not involved in the design, or conduct, or reporting, or dissemination of our research.

Results {#s3}
=======

Forty-four eyes of 33 patients fulfilled the criteria of inclusion. One patient died during follow-up of reasons unrelated to the study. One was discontinued from the study as the patient was unable to follow scheduled visits due to other severe complications to diabetes. Another two were discontinued according to protocol at month 5 as eyes were not suitable for laser and hence, follow-up data were not available for this study. At last, additionally five eyes of four patients were excluded because of poor image quality due to cataract. This led to a final inclusion of 35 eyes of 25 patients.

Four were women (6 eyes) and 21 were men (29 eyes). Twenty-four had type 2 diabetes and one had type 1 diabetes. Five eyes of five patients had previously been subjected to focal/grid laser photocoagulation of which two had also previously received intravitreal VEGF inhibition. Mean HbA1c was 63.4 (55.1--71.8) mmol/mol and mean age and duration of diabetes were 61.3 (56.0--66.7) and 11.2 (6.3--16.1) years, respectively. Mean systolic and diastolic blood pressure was 139.5 (132.3--146.7) and 82.9 (77.6--88.3) mm Hg and thus, mean MAP was 101.8 (96.3--107.3) mm Hg. Mean BMI was 28.4 (25.9--31.0) kg/m^2^, and the mean number of pack years was 13.2 (5.4--21.0). Mean BCVA was 72.0 (68.9--75.1) ETDRS letters and mean CRT was 389.6 (355.5--423.7) µm. Mean arteriolar and venular oxygen saturations were 95.7 (93.0--98.4)% and 62.7 (59.4--65.9)%. There were no differences in any BL parameters between eyes below (group A) and above (group B) the 50 percentile of retinal arteriolar or venular oxygen saturations, respectively ([table 1](#T1){ref-type="table"}).

###### 

Baseline characteristics of eyes according to retinal oxygen saturation

                                                 Groups according to percentiles of arteriolar oxygen saturation    P value                
  ---------------------------------------------- ------------------------------------------------------------------ ---------------------- ------
  Arteriolar oxygen saturation (%)               91.1 (89.8--92.3)                                                  100.1 (96.6--103.5)    
  *n*                                            17                                                                 18                     
  Age (years)                                    64.0 (55.5--72.5)                                                  58.8 (53.5--64.0)      0.25
  Sex (% women)                                  17.7                                                               16.7                   0.94
  Duration of diabetes (years)                   12.9 (5.9--19.9)                                                   9.7 (3.2--16.2)        0.48
  Haemoglobin A1c (mmol/mol)                     64.2 (52.6--75.9)                                                  62.6 (51.1--74.2)      0.84
  Body mass index (kg/m^2^)                      28.0 (25.3--30.7)                                                  28.9 (25.3--32.4)      0.63
  Mean arterial pressure (mm Hg)                 101.0 (94.6--107.4)                                                102.5 (95.5--109.5)    0.68
  Smoking (pack years)                           12.2 (2.2--22.1)                                                   14.2 (4.2--24.3)       0.73
  Best corrected visual acuity (ETDRS letters)   74.7 (72.5--76.8)                                                  69.5 (64.0--75.0)      0.08
  Central retinal thickness (µm)                 367.1 (334.4--399.8)                                               410.9 (349.6--472.2)   0.20
                                                 **Groups according to percentiles of venular oxygen saturation**                          
  Venular oxygen saturation (%)                  56.4 (53.8--59.0)                                                  69.3 (66.6--71.9)      
  *n*                                            18                                                                 17                     
  Age (years)                                    60.4 (55.0--65.8)                                                  62.3 (52.8--71.8)      0.72
  Sex (% women)                                  16.7                                                               17.7                   0.94
  Duration of diabetes (years)                   14.4 (7.6--21.1)                                                   7.9 (1.2--14.6)        0.18
  Haemoglobin A1c (mmol/mol)                     66.0 (56.4--75.6)                                                  60.6 (46.3--74.8)      0.52
  Body mass index (kg/m^2^)                      28.1 (25.3--30.8)                                                  28.8 (25.0--32.6)      0.72
  Mean arterial pressure (mm Hg)                 101.6 (94.6--108.5)                                                102.0 (95.2--108.8)    0.91
  Smoking (pack years)                           17.6 (5.3--29.9)                                                   8.6 (0.33--16.8)       0.22
  Best corrected visual acuity (ETDRS letters)   73.1 (69.8--76.3)                                                  70.9 (65.7--76.1)      0.46
  Central retinal thickness (µm)                 397.8 (339.7--456.0)                                               380.9 (346.8--414.9)   0.61

Continuous data presented as mean with (95% CIs) and categorical data as per cent. Differences between groups of eyes with the lowest and highest retinal arteriolar oxygen saturations, respectively, were tested employing cluster robust standard errors for linear regression models.

ETDRS, Early Treatment Diabetic Retinopathy Study.

From BL to month 12, BCVA improved by 8.7 (7.2--10.2) ETDRS letters. Likewise, there was a CRT reduction of 100.7 (68.2--133.3) µm and the mean number of needed injections was 4.3 (3.8--4.8). There were no difference in retinal arteriolar or venular oxygen saturation between BL and month 12 (95.7 (93.0--98.4)% vs 95.0 (92.3--97.7) %, p=0.31 and 62.7 (59.4--65.9)% vs 61.8 (57.8--65.9) %, p=0.57).

Eyes with a retinal arteriolar oxygen saturation above the 50 percentile (group B) had a higher need for intravitreal therapy from BL through M12 as compared with eyes with a retinal arteriolar oxygen saturation below the 50 percentile (5.0 (4.2--5.8) vs 3.6 (3.1--4.0), p=0.002) without differences in BCVA improvement and CRT reduction (9.2 (7.2-11-2) ETDRS letters vs 8.1 (5.8--10.4) ETDRS letters, p=0.49 and 118.1 (63.0--173.2) µm vs 79.7 (49.4--109.9) µm, p=0.20). The difference in need for therapy remained statistically significant in a multiple linear regression model with groups of retinal arteriolar oxygen saturation as predictors of the number of injections during the first year of treatment (with adjustments for age, duration of diabetes, HbA1c, MAP, BCVA and CRT) ([table 2](#T2){ref-type="table"}). No difference in BCVA improvement or CRT reduction was found.

###### 

Regression coefficients, CIs and p values from multiple regression for the studied baseline parameters to predict the need for intravitreal aflibercept from baseline to month 12

  Variable                                                      Coefficients   95% CI             P value
  ------------------------------------------------------------- -------------- ------------------ ---------
  Retinal arteriolar oxygen saturation (group A as reference)   1.38           0.53 to 2.23       0.003\*
  Age                                                           −0.01          −0.04 to 0.03      0.64
  Duration of diabetes                                          0.03           −0.01 to 0.07      0.11
  Haemoglobin A1c                                               −0.01          −0.04 to 0.02      0.43
  Mean arterial pressure                                        −0.03          −0.08 to 0.02      0.18
  Visual acuity                                                 0.02           −0.07 to 0.11      0.69
  Central retinal thickness                                     0.01           −0.00 to 0.02      0.07
  *Intercept*                                                   *3.50*         *−5.59 to 12.58*   *0.44*

\*Indicates p\<0.05.

The distribution of eyes in groups of retinal arteriolar oxygen saturation accounted for approximately 19% of the variation in the need for intravitreal therapy. In the multiple regression model, all included parameters together explained approximately 48% of the variation in the need for intravitreal therapy.

There was no difference in the need for intravitreal therapy between groups of retinal venular oxygen saturation.

Discussion {#s4}
==========

This study demonstrates that increased retinal arteriolar oxygen saturation significantly contributes to being able to predict a higher treatment requirement for intravitreal aflibercept during the first year of DMO treatment in a PRN regimen.

In accordance with previous studies, retinal venular oxygen saturation found in this study was higher in patients with DMO as compared with previously measured reference values for healthy individuals and remained unchanged during anti-VEGF treatment.[@R9] The lack of reduction in the pathologically increased venular oxygen saturation towards normal levels may seem counterintuitive given the beneficial effects of intravitreal aflibercept on both functional and anatomical outcomes. However, the applied method of retinal oximetry may be insensitive to regional changes in retinal blood flow and oxygen saturations in the macular area as the oxygen saturation was based on measurements on the four largest arterioles and venules passing through a protocol-defined area surrounding the optic disc. Furthermore, the oximeter does not provide any data on absolute oxygen delivery to the retinal tissue, but rather a snapshot of vascular oxygen saturations at a given blood flow. Additionally, the relative contribution to oxygen delivery of retinal and choroidal vasculature may vary and especially around the macular area.

Previous data have shown that while early haemodynamic changes in the diabetic retina involves arteriolar constriction and hypoperfusion, a change towards enhanced blood flow and arteriolar hyperperfusion is seen in later stages of DR. This is presumably due to loss of autoregulatory mechanisms and release of dilatory factors (eg, VEGF) from the hypoxic retina.[@R13] Hence, altered arteriolar blood flow may explain the measured variation in retinal arteriolar oxygen saturation. Furthermore, it may at the same time explain the differences in treatment load as increased arteriolar oxygen saturation due to hyperperfusion may also reflect a worse degree of DMO. It must be emphasised that the associations between blood flow, oxygen saturation and disease severity and stage of progression are not fully understood.

One may expect that variation in the oxygen saturation in retinal arterioles would be limited by a ceiling effect as fully saturated blood is led towards the retinal tissue. However, the blood in retinal arterioles is desaturated by approximately 5%--10% immediately after passage through the optic disc even in healthy individuals. The reduction is thought to be due to countercurrent exchange between the central retinal arteriole and venule as a consequence of close proximity within the optic nerve and leaves room for arteriolar oxygen saturation to increase alongside an increase in retinal blood flow.[@R6]

While the oxygen saturation in retinal venules has previously been demonstrated to increase with increasing severity of DR, we did not find any association between venular oxygen saturation and need for intravitreal therapy in our study on patients with DMO.[@R7] The increase in venular oxygen saturation with increasing severity of DR has previously been explained by lower oxygen consumption due to retinal ischaemia and shunting of blood.[@R7] Hence, the venular oxygen saturation may be closer associated with ischaemic changes in the peripheral retina, whereas DMO is more closely associated with changes in flow and perfusion in the macular area.[@R19]

Our demonstration of retinal arteriolar oxygen saturation as a predictor of treatment response is supported by recently published data that increased retinal arteriolar oxygen saturation also predicts good functional outcome in regards of VA.[@R9]

HbA1c, blood pressure and duration of diabetes are well recognised systemic risk factors of DMO development and progression of disease.[@R2] Furthermore, VA and foveal thickness prior to treatment have been associated with functional and anatomical outcome, respectively.[@R21] Hence, these parameters were included in our multiple linear regression model, even though systemic factors have so far been unable to predict treatment load of anti-VEGF treatment.[@R22] Accordingly, the systemic factors were all together only able to explain approximately 12% of the variation in need for intravitreal therapy if the ocular parameters were experimentally removed from our regression model. Thus, our results concur with previous reports and emphasise the importance of intraocular parameters as predictors of treatment response in advanced stages of disease. It must, however, be emphasised that oxygen saturation in retinal arterioles only explained approximately 19% of the variation in need for intravitreal therapy.

Due to the limited number of patients in this study, we decided to exclude smoking (pack-years) from the regression model. A previous study on healthy individuals has demonstrated that neither arteriolar nor venular oxygen saturation differ between patients categorised as either current smokers or non-smokers.[@R11] Furthermore, we did not find any difference in the number of pack years between groups A and B in either retinal arterioles or venules. In contrast, we speculate that the 'time from last cigarette' could potentially influence oximetry measurements. Thus, the oxygen saturation in facial skin has been demonstrated to decrease immediately after cigarette smoking.[@R23]

We allowed that patients included in this study could previously have been subjected to both focal/grid laser photocoagulation and anti-VEGF therapy if performed more than 4 months prior to inclusion. In contrast to the previously demonstrated effect of panretinal photocoagulation on the oxygen saturation in retinal vessels, we do not expect focal/grid laser photocoagulation to course any detectable effect on retinal oximetry measurements due to the very limited amount of affected retinal tissue.[@R24]

Likewise, given that current available anti-VEGF agents have a half-life of approximately 7--10 days in humans and an estimated range of VEGF suppression between 26 and 69 days, we do not believe that anti-VEGF therapy administered more than 4 months prior to inclusion will have had any impact on the oxygen saturations measured in this study.[@R26] However, data concerning this subject are lacking and the fact that we did not find any change in retinal oxygen saturations between BL and month 12 after both anti-VEGF therapy and focal/grid laser photocoagulation may in truth represent the best available evidence to substantiate our assumption.

This study is unique from most previously conducted studies by addressing predictors of treatment load of intravitreal therapy rather than predictors of functional and anatomical outcome. We believe that this is essential in regards to translation of results into clinical practice and individualised treatment plans as retinal oximetry may assist clinicians to identify patients who are expected to have the highest need for therapy. Furthermore, this study was strengthened by the prospective design and well-defined treatment algorithm.

A limitation to the study was the number of participants. However, sample size was calculated based on a predefined clinically meaningful difference given the relatively limited mean number of needed injections. Furthermore, the relatively short period of follow-up limits our study as our results do not provide data beyond 12 months of treatment. Given the nature of DMO and DMO treatment, long-term outcomes on retinal oximetry as a predictor of treatment load are warranted.

We also acknowledge that treatment algorithms for DMO vary greatly between clinical practices and hence, our results are so far limited to the specified PRN regimen. It is, thus, also unknown to what extend the adjunctive use of focal/grid laser photocoagulation has an impact on the ability to transfer our results to treatment regimens with aflibercept monotherapy. However, our results are approximately at the same level as previous anti-VEGF trials for DMO in regards to improvement in VA and CRT.[@R27] Hence, we do not believe that the predictive value of retinal arteriolar oxygen saturation is unique to our population due to differences in response to treatment.

Also, the number of intravitreal injections between BL and month 12 in this study was fairly low as compared with the most previously conducted studies on anti-VEGF monotherapy for DMO.[@R27] Hence, we speculate that the difference in need for therapy between groups (A and B) may be more pronounced in other treatment regimens with more frequent intravitreal injections. However, further studies with other treatment strategies, for example, intravitreal aflibercept with and without adjunctive focal/grid laser photocoagulation or treat and extend regimens are warranted to clarify the generalisability of our results.

In conclusion, retinal arteriolar oxygen saturation contributes significantly to predict the need for intravitreal aflibercept during the first year of DMO treatment. Hence, retinal oximetry may serve as a valuable non-invasive adjunctive to the already established procedures for retinal imaging in terms of individualised treatment plans.
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